Ehrlichia ruminantium is an obligately intra-cellular "-proteobacterium which causes a disease known as heartwater or cowdriosis in some wild, and all domestic, ruminants.
Introduction
Ehrlichia ruminantium, which is carried by ticks of the genus Amblyomma, causes the disease known as heartwater or cowdriosis in cattle, sheep, goats and some wild ruminants. The disease occurs throughout sub-Saharan Africa and also on the French Antillean islands of Guadeloupe, Antigua and Marie Galante, to which infected Amblyomma variegatum ticks were introduced, possibly as early as the eighteenth century (Maillard and Maillard, 1998) . The map in Figure 1 shows the areas at risk from heartwater in sub-Saharan Africa, with the approximate numbers of domestic ruminants in those areas. The total is approximately 150,000,000 animals at risk, of which 114,000,000 (76%) are in the red areas of greatest potential exposure to tick challenge.
Heartwater has an average incubation period in susceptible animals of less than 2 weeks (Van de Pypekamp and Prozesky, 1987) , adult cattle have a subsequent mortality of up to 82% (Du Plessis and Malan, 1987b) and Merino sheep of up to 95% (Neitz, 1964) . The disease is a major obstacle to the introduction of high-producing animals into sub-Saharan Africa to upgrade local stock, and is of particular importance when susceptible animals are moved from heartwater-free to heartwater-infected areas (Simpson et al., 1987) . The occurrence of heartwater is frequently taken for granted in the endemic areas of Africa, and definitive diagnoses are not often performed. The economic impact of the disease is therefore difficult to quantify, although estimates which have been made indicate that the losses can be enormous (Mukhebi et al., 1999) .
Whatever the actual costs may be it is certain that the economic importance of heartwater in Africa is comparable to that of East Coast fever, trypanosomosis, rinderpest, and dermatophilosis (Provost and Bezuidenhout, 1987) . It is not surprising, therefore, that the possibility that the disease could spread from the Antillean islands to the American mainland, where a suitable tick vector is already present, is perceived as a constant threat for American livestock industries (Deem, 1998) . the elementary bodies represent the infective stage . Sequential development of the organism has been described in both vertebrate (Du Plessis, 1982) and invertebrate host cells (Kocan et al., 1987a) . Transmission electron microscopic studies of in vitro cultivated E. ruminantium have revealed the presence of intracellular reticulate bodies two to four days post-infection, and intermediate bodies four to five days post-infection. Large numbers of elementary bodies are seen after rupture of endothelial cells five to six days after infection .
In the mammalian host the organism initially replicates in reticulo-endothelial cells in lymph nodes, and rupture of these cells releases elementary bodies which then infect endothelial cells (Du Plessis, 1970) . After entry into the endothelial cell, by a process resembling phagocytosis, each organism develops within a vacuole to form a colony, a process which eventually leads to rupture of the cell. This disseminates elementary bodies into the bloodstream to continue the infection cycle (Prozesky and Du Plessis, 1987) .
Epidemiology
The epidemiology of heartwater depends upon many interacting circumstances, few of which are entirely quantifiable. Important factors are: the number and susceptibility of available vertebrate hosts; the populations and infection rates in the tick vectors; seasonal variations in tick abundance and activity; dissemination of infected ticks and ruminants; mechanisms operating during tick-host transmission; and the characteristics of different strains of the causative organism. We will look briefly at some of these factors.
Vertebrate Reservoirs
E. ruminantium appears to have evolved in southern Africa and African wild ruminants are probably the original reservoir of the disease (Neitz, 1967) .
Fifteen species of wild African ruminants have been shown to be susceptible to infection, either naturally or experimentally (Table 1) . In southern Africa the most important wild ruminant reservoirs are probably blesbuck, black wildebeest (Neitz, 1935) , African buffalo (Allsopp et al., 1999; Andrew and Norval, 1989a) and eland (Wesonga et al., 2001) . The existence of a wild ruminant reservoir is not essential for maintenance of the disease which can be entirely maintained in a domestic stock population as seen in Madagascar, Guadeloupe and São Tomé (Uilenberg, 1983) . Ten species of non-African ruminants are also known to be susceptible (Table 1) , including the very widely distributed American white-tailed deer (Odocoileus virginianus).
Non-ruminant vertebrate reservoirs of the organism may play a minor role in the epidemiology of heartwater, but the available information is not conclusive. For instance, it has been reported that helmeted guinea fowl (Numida meleagris), leopard tortoise (Geochelone pardalis) and scrub hare (Lepus saxitilis) can harbour E. ruminantium subclinically, and that larvae and nymphs of A. hebraeum which feed on them become infectious at the following instar (Bezuidenhout, 1988) . Nothing is known, however, about the importance of these non-ruminants as reservoirs of infection, and in fact other workers have been unable to replicate these findings ).
The multimamate mouse (Mastomys coucha) (MacKenzie and McHardy, 1987) and the striped mouse (Rhabdomys pumilio) (Hudson and Henderson, 1941) are susceptible to infection with E. ruminantium, but Amblyomma ticks are not believed to feed on rodents in the wild so they are unlikely to act as natural heartwater reservoirs (Howell et al., 1989) .
Tick Vectors
E. ruminantium is transmitted by ticks of the genus Amblyomma and the distribution of heartwater in Africa coincides with that of the vector species. The heartwater endemic area includes almost the whole of sub-Saharan Africa, except for the very dry south west, as well as the offshore islands of Madagascar, Mauritius, Reunion, Grande Comore and São Tomé (Du Plessis et al., 1989; Provost and Bezuidenhout, 1987) . Ten Amblyomma spp. capable of transmitting the organism occur in Africa. The most important vectors are A. variegatum and A. hebraeum (Bezuidenhout, 1987) but A. pomposum, A. lepidum A. astrion, A. cohaerens, A. gemma (Walker and Olwage, 1987) and A. marmoreum can also be significant vectors. A. hebraeum is the main vector of heartwater in southern Africa, while A. variegatum, the most widely distributed vector in Africa, has become established in the Caribbean where it transmits the disease on 3 islands, Guadeloupe, Antigua and Marie Galante (Molia et al., 2008; Uilenberg et al., 1984) . A. maculatum is the only native American species of Amblyomma known to be an effective vector of E. ruminantium, having a vector potency in sheep similar to that of A. variegatum .
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The vectors of heartwater are three-host ticks, and the organism is transmitted transstadially. Both nymphs and adults become infected with E. ruminantium after two days of feeding on infected sheep (Bezuidenhout, 1988) or two to four days of feeding on infected goats (Camus and Barré, 1992) . A single infected nymph can cause a fatal infection in a susceptible animal (Lounsbury, 1902) and intrastadial transmission by male A. hebraeum ticks moving from sick to susceptible animals also occurs (Andrew and Norval, 1989b) .
Transmission
The effectiveness of Amblyomma ticks as vectors of heartwater in an area depends on their vector efficiency, their distribution, their activity and abundance, and their adaptation to local wild or domestic carriers of E. ruminantium (Uilenberg, 1983) . The tick population in an area is heavily influenced by temperature and humidity (Petney et al., 1987) , and in the drier parts of Africa this frequently leads to an increased incidence of heartwater after good rains when peak numbers of ticks are present. In regions where the climate is temperate and the rainy season is not well defined the occurrence of heartwater is not really seasonal, this is especially true in the Caribbean (Camus, 1987) .
Apparently healthy ruminant hosts, carrying E. ruminantium organisms at very low levels, can be infective to ticks for long periods, at least 361 days for cattle (Andrew and Norval, 1989a) and 11 months for goats (Camus, 1992) . In the latter case the levels of the organism were so low that the carriers only infected the ticks intermittently during the 11 month period of the experiment, demonstrating the danger which is posed by the movement of heartwater carrier animals to areas free from the disease.
Ticks in the field in heartwater endemic areas exhibit surprisingly low infection rates with E. ruminantium. For A. hebraeum the rates have been found to be 1-7% in South Africa (Allsopp et al., 1999; Du Plessis and Malan, 1987c ) and 8.5-11.2% in Zimbabwe , while rates of 1.2-13.3% were seen in A. variegatum in Senegal (Gueye et al., 1993) . The highest rate which has been reported is 19.1% for A. variegatum in Maria Galante (Molia et al., 2008) . When A. variegatum larvae and nymphs were fed experimentally on E. ruminantium-infected sheep, however, infection rates of 100% were seen in the ticks at the following instar (Gueye et al., 1993) , which suggests that in the field many ticks feed during the larval or nymphal stages on non-susceptible or non-infected hosts.
Several factors may help to explain how relatively small numbers of infected ticks can maintain the heartwater infection in a particular area. While infected larvae or nymphs only become infective after moulting to the next instar, they then remain infective for life (Camus and Barré, 1992; Neitz, 1968) . E. ruminantium-infective ticks in the field present a highly virulent disease challenge, much more virulent than that presented by elementary bodies contained in an experimental needle challenge with infected blood (Collins et al., 2003; Pretorius et al., 2008) . Vertical transmission of heartwater from dams to their calves has been demonstrated in cattle in Zimbabwe (Deem et al., 1996) . Infected cells in the colostrum are thought to be responsible for this phenomenon, and it may be assumed that the same mechanism operates in other wild and domestic ruminants. Although the prevalence of vertical transmission has not been quantitatively estimated it must have an important effect on the maintenance of the disease.
The Tick-Host-Pathogen Interface
Infected but unfed ticks are not infective until after they have fed for 38h (nymphs) or 75h (adults) (Bezuidenhout, 1987) , and this so-called 'grace period' has been observed with other tick-borne pathogens. Ticks undergo long periods of metabolic inactivity while waiting for their next blood meal, and it has been speculated that, in the case of A. phagocytophilum, the parasites remain dormant during these periods, and are then activated when feeding begins, possibly in response to temperature changes and/or to chemical signals from host blood (Katavolos et al., 1998) . In the case of E. ruminantium temperature may not to be the trigger, since warming of infected ticks to 37EC without allowing them to feed does not induce infectivity (Bezuidenhout, 1987 ).
We noted above that E. ruminantium organisms delivered by infective tick challenge are much more virulent than elementary bodies delivered as an infected blood needle challenge (Collins et al., 2003; Pretorius et al., 2008) . This enhanced virulence must therefore develop during the grace period, but there is currently no experimental information about the mechanisms involved. During the grace period one would expect E. ruminantium to be up-regulating metabolic pathways and other genes which lead to enhanced survival in the mammalian host. The genes involved may be those of the pathogen, the tick, or the mammal, and pointers from experiments on other ticks and parasites indicate the sorts of changes which may be taking place. It is known, for instance, that the saliva of Ixodes scapularis and Rhipicephalus sanguineus ticks contain molecules which modulate the activity of the mammalian immune system and thereby enhance the survival of transmitted parasites (Ferreira and Silva, 1998; Wikel, 1999; Zeidner et al., 1997) . Other mechanisms involve parasite surface changes which are activated only during tick feeding, and the most sophisticated example currently known is that of Borrelia burgdorferi, the Lyme disease agent, which is maintained in an Ixodes scapularis-mouse cycle. During tick feeding the parasite stimulates the upregulation of a tick salivary gland protein which binds specifically to an outer surface protein on the spirochaete. This protein complex then protects the parasite from antibody-mediated killing after it had been injected into mice which had previously been infected by the same organism (Ramamoorthi et al., 2005) . The mechanisms operating at the tick-hostpathogen interface in the case of E. ruminantium, whatever they may be, are unlikely to be any less elaborate and they are important potential subjects for future genomic and proteomic-based investigation.
E. ruminantium and A. variegatum in the New World
It may be assumed that E. ruminantium spread throughout sub-Saharan Africa, from its original area of evolution in southern Africa, primarily as a result of the movement of ruminant hosts together with their ticks. This is certainly the mechanism by which heartwater and the African bont tick A. variegatum were introduced to the Caribbean, either around 1830 (Curasson, 1943) , or even possibly as early as the 18 th century (Maillard and Maillard, 1998) . Up until 1948 the tick was only found in Guadeloupe and the neighbouring islands of Marie Galante and Antigua, inter-island trade in domestic stock took it to Martinique in 1948 (Uilenberg, 1990 (Uilenberg, ) but then, between 1967 (Uilenberg, and 1988 fourteen new islands were colonised by the tick (Barré et al., 1995) . This sudden spread, which cannot be explained solely by livestock movements, coincides with the establishment of the African cattle egret (Bubulcus ibis) in the Caribbean (Barré et al., 1995) . These birds are commonly infested with A. variegatum larvae, they also carry small numbers of nymphs, and they migrate widely between the Caribbean islands and even as far as the mainland (Barré et al., 1988; Corn et al., 1993) . Cattle egrets are therefore likely to be important agents for disseminating the tick, in Africa as well as in the Caribbean.
It is notable that, although 14 new islands were colonised by A. variegatum between 1967 and 1988, heartwater remained confined to the three originally A. variegatum-infested islands, which suggests that the dissemination of E. ruminantiuminfected nymphs is very rare. Despite this, cattle egrets are known to migrate long distances and are well established in both north and south America (Telfair, 1994) so the possibility that egrets could transfer heartwater-infected A. variegatum nymphs from the Lesser Antilles to the American mainland certainly exists. Given that large areas of north, central and south America are climatically suitable for A. variegatum, and given that A. maculatum and the white tailed deer already constitute a viable native sylvatic tick-host pair for the maintenance of E. ruminantium, the establishment of endemic heartwater in the Americas will remain a potential economic threat until a safe and effective vaccine becomes available.
Genetic variability
There is no reliable vaccine for heartwater and over the last 60 years a great deal of research has been devoted towards remedying this situation. The biological variability among strains of the organism is obviously of great practical importance for vaccine development, so it is surprising that for much of the 20 th century it was thought that E. ruminantium was a relatively homogeneous organism. Only relatively recently, with the introduction of molecular genetic methods for characterization, has it become evident that it is, in fact, an extremely diverse organism, to the extent that it now appears to be adapting to canine (Allsopp and Allsopp, 2001 ) and human hosts.
Even more crucial for diversity is the discovery that extensive recombination occurs naturally between different genotypes of E. ruminantium (Allsopp and Allsopp, 2007) suggesting that newly generated strains are continuously arising in the field. We will consider some of the important pathogenic characteristics of the organism, which differ considerably from genotype to genotype, and which are of great significance for animal, and perhaps also human, health.
Ribosomal RNA genotypes
Because of the significant variations observed in the biological characteristics of the organism it is important to try and establish what we mean by E. ruminantium. There is no universally accepted definition of what constitutes a prokaryotic species but some empirical guidelines have been used (Cohan, 2002) . At one time a whole-genome hybridization level of $70% (Wayne et al., 1987) , or a small subunit (16S) ribosomal RNA (srRNA) gene sequence identity level of $97%, (Stackebrandt and Goebel, 1994) , have been accepted to demarcate what was traditionally called a bacterial species. The recent determination of average nucleotide identity (ANI) between wholly sequenced prokaryote genomes indicates that a 70% DNA-DNA reassociation level corresponds, on average, to 93-94% NAI and to a srRNA gene sequence identity of 99% (Konstantinidis and Tiedje, 2005) . The authors of this study suggest more stringent criteria for defining a prokaryotic species, at 94-99% ANI, corresponding to 99.0-99.9% srRNA identity.
The srRNA gene has been very widely used as a taxonomic and phylogenetic tool for classifying bacteria (Olsen and Woese, 1993) and currently eight different srRNA genotypes of E. ruminantium are known, each having a sequence identity of >99.4% with respect to the others. These eight genotypes are all therefore quite definitely E. ruminantium by the latest srRNA identity criteria and Table 2 summarises important reference data for them. Note that one of them (Pretoria North) has not been isolated in tissue culture. An alignment of these eight E. ruminantium srRNA sequences, together with orthologs from six other Ehrlichia spp. and one from Anaplasma marginale, was used to infer a maximum likelihood tree using the PHYML program (Guindon and Gascuel, 2003) . The result (Figure 2) shows that the E. ruminantium sequences form a tight cluster, well distinguished from the other Ehrlichia spp. with the exception of the recently discovered Ehrlichia species from Panola Mountain, Georgia, USA (Loftis et al., 2006) . The srRNA sequence of this organism is >99.2% identical with each of the other E. ruminantium sequences, so there is some justification for considering that this may be considered to be a strain of E. ruminantium. The organism has not, however, been shown to produce clinical heartwater.
We will discuss some of the biological differences between the eight E. ruminantium srRNA genotypes (Table 2) , the Panola mountain Ehrlichia species, and the mixed stock known as the Kümm isolate (Du Plessis and Kumm, 1971 ). We will see that the biological characteristics of different isolates of E. ruminantium are very variable, both between different srRNA genotypes and also within a single srRNA genotype.
Several workers have also shown that there are considerable sequence polymorphisms of various E. ruminantium genes and genetic regions both within and between srRNA genotypes (Allsopp et al., 2001; Allsopp et al., 2003; Van Heerden et al., 2004b) .
Infectivity and Pathogenicity
When considering the early work done on the infectivity and pathogenicity of E. ruminantium it should be remembered that before the organism could be grown in vitro there were no methods for quantifying the infective dose. Genotyping methods had also not been developed, so there is no guarantee that individual genotypes of E. ruminantium were being used, nor that adequately infective challenge doses were being administered, nor even that the organisms could reliably be classified as
E. ruminantium.
Infectivity to mice was the earliest method used to demonstrate variability between stocks and three different types of pathogenicity are recorded: pathogenic genotypes which can kill mice, genotypes which infect mice but are not pathogenic, and noninfective genotypes which fail to establish any infection in mice ( Table 2 ). The Welgevonden genotype, for example, is always fatal for mice, whereas the Senegal genotype is only pathogenic if a large infective dose is given. The Ball 3 genotype infects mice subclinically, but it cannot be sub-passaged and the mice do not become long term carriers, while the Gardel genotype does not infect mice at all.
The Omatjenne genotype was first isolated by infecting a mouse with homogenate prepared from a single Hyalomma truncatum tick taken off a healthy cow on a farm in Namibia (Du Plessis, 1990) . Eighty one percent of the cattle on this farm, despite being perfectly healthy, tested seropositive for heartwater using an immunofluorescent antibody test (Du Plessis and Malan, 1987a) . There is no clinical heartwater in the area, nor any Amblyomma tick species known to transmit heartwater, but it is most likely that exposure to infection with the Omatjenne srRNA E. ruminantium genotype was the cause of the seropositive reactions in cattle. The same srRNA genotype was detected, by PCR and probing, in 70 healthy boergoats in a heartwater-free area of the Northern Cape in South Africa (Allsopp et al., 1997) which suggests that the Omatjenne genotype is also apathogenic to small ruminants. Despite the original isolation of the Omatjenne genotype being made from a Hyalomma truncatum tick this species is unlikely to be the primary vector of the organism, since the larvae and nymphs feed exclusively on scrub hares (Lepus saxatilis) and rodents, while only the adults feed on cattle (Allsopp et al., 2007) . The Northern Cape study also showed the presence of other apparently nonpathogenic strains of E. ruminantium, with the detection of srRNA sequences identical to those of both non-pathogenic and virulent stocks of E. ruminantium (Allsopp et al., 2007) . No known species of tick vector exist in this area, and the ticks responsible for transmitting the non-pathogenic organisms have not been identified. It has also not yet been possible to establish the organisms in tissue culture, which is an essential prerequisite if they are to be effectively characterized.
The Panola Mountain Ehrlichia species included in the Ehrlichia phylogenetic tree The organism does, however, produce a mild febrile illness in goats (Loftis et al., 2008a) and in humans (Reeves et al., 2008) , and its natural reservoir may be the widely distributed white-tailed deer (Odocoileus virginanus) (Yabsley et al., 2008) . Subsequent to its first detection the Panola Mountain Ehrlichia organism has been found in A. americanum ticks in 10 states in the U.S.A. (Loftis et al., 2008b) and the presence of genetic variations between isolates from different locations suggests that the organism is not a recent introduction into the United States. In view of its wide distribution it is probable that if this Ehrlichia species could cause a virulent clinical disease similar to heartwater then this would be well known, so it is likely that it does not represent a heartwater threat. The observation that A. americanum ticks cannot transmit some heartwater-producing strains of E. ruminantium of African and Caribbean origin (Uilenberg, 1982; Uilenberg et al., 1985) could be important in this context. The Ball 3 genotype of E. ruminantium is used as an infection and treatment heartwater 'vaccine' in South Africa (Van der Merwe, 1987) , and the main reason for choosing this genotype is that it produces an early-warning temperature rise. It differs in this respect from the highly virulent Welgevonden isolate which often causes death very shortly after a rapid temperature rise and is therefore not suitable for use in infection and treatment. We will discuss below an unfortunate disadvantage of the Ball 3 'vaccine', which is that it confers only limited protection against virulent field challenge with common genotypes like Welgevonden (Du Plessis et al., 1989) .
Infectivity is not solely a property of the challenging E. ruminantium genotype but also depends on the tick vector, as discussed under "Transmission effectiveness" above.
It is for this reason that the only technique which has been developed to deliver a quantitative challenge, which uses infected blood (Brayton et al., 2003) , is not a good model for the challenge presented in the field by infected ticks. This will be discussed in more detail under "Vaccine development" below.
Heterogeneous isolates
The Kümm isolate was made from a goat in the heartwater endemic Northern Province of South Africa which was clinically diagnosed as having heartwater (Du Plessis and Kumm, 1971) . A lymph node suspension from the animal caused what appeared to be heartwater in sheep, but the isolate was found to behave anomalously in mice and cattle and it was at one time doubted that it was E. ruminantium (Du Plessis, 1982) . While apparently non-pathogenic for cattle the isolate was virulent in mice, and was unusual in that it infected mouse macrophages. It was for this reason used to prepare antigen slides for heartwater serology (Du Plessis et al., 1993) and was subsequently passaged more than 100 times, mainly in mice but also in sheep. The stock resisted all attempts to culture it for over 15 years, and it was only established in culture in 2002 (Zweygarth et al., 2002) . It was found that the stock contained two different genotypes, designated Kümm 1 and Kümm 2, each having a distinct behaviour in culture (Table 3) . Kümm 1 had the Senegal srRNA genotype and Kümm 2 the Omatjenne srRNA genotype. Kümm 2, however, did not behave identically to Omatjenne, the former being lethal in mice while the latter is not, and the former growing readily in sheep mononuclear cells while the latter did not.
Immunogenicity
The existence of immunogenetic variants within E. ruminantium, now known to be extensive, is also of crucial importance for the development of vaccines. We mentioned above that the Ball 3 infection and treatment 'vaccine' gives only limited protection against the Welgevonden genotype, but the virulence of the latter precludes its use for 14 infection and treatment. For the purpose of vaccine development it is important to find genotypes which can confer cross-immunity to as wide a range of others as possible, but there are several practical difficulties in this search. Reliable cross-immunity trials depend upon having quantified challenge material, and on the availability of in vitro cultures of molecularly characterized single genotypes, and it is only within the last few years that these constituents have been developed (Brayton et al., 2003; Zweygarth and Josemans, 2001) . One experiment using carefully controlled material has been carried out in sheep using four different E. ruminantium srRNA genotypes (Ball 3, Mara 87/7, Gardel, Welgevonden) and two other isolates (Kwanyanga and Blaauwkrans, both of Welgevonden srRNA genotype) (Collins et al., 2003) . The animals were infected, treated when they became febrile, and a homologous challenge was performed to determine their immune status. They were then subjected to a heterologous challenge and it was found that the Welgevonden genotype was the only one which provided complete cross-protection against challenge with any of the other stocks. The Kwanyanga, Gardel and Blaauwkrans stocks provided little cross-protection against heterologous challenge, while Mara 87/7 and Ball 3 provided limited cross-protection against heterologous challenge. It is notable that, among the stocks having the Welgevonden srRNA genotype, Welgevonden protected against Kwanyanga and Blaauwkrans, but not vice-versa.
Emergence of novel phenotypes
The development of the pCS20 assay for E. ruminantium detection (Mahan et al., 1992; Van Heerden et al., 2004b) has revealed the presence of the organism in a number of atypical or unexplained infections occurring after tick bite in both nonruminants and humans. Canine ehrlichiosis is commonly encountered in S. Africa and is normally diagnosed on the basis of clinical symptoms and blood smear examination.
Some animals, however, show symptoms suggestive of canine ehrlichiosis but without morulae being seen on blood smears, and these are often tested using a PCR assay specific for North American Ehrlichia canis (McBride et al., 1996) . Most of these cases are negative for E. canis, but many of them test positive for E. ruminantium by the pCS20 assay (Allsopp and Allsopp, 2001) . In one of these E. canis-negative E. ruminantium-positive cases other E. ruminantium-specific gene sequences were obtained, strongly suggesting that an E. ruminantium variant contributed to the animal's illness (Allsopp and Allsopp, 2001) .
Recently E. ruminantium has also been detected in DNA from three human serum samples using the pCS20 assay. All three individuals died, and other E. ruminantiumspecific gene sequences were also found in the samples, suggesting that E. ruminantium variants can cause a lethal infection in humans .
Diagnostics
The clinical diagnosis of heartwater in live animals has been fraught with difficulty until quite recently (Camus and Barré, 1987) . Many of the traditional symptoms associated with the disease are not pathognomic, and a definitive diagnosis of heartwater usually had to await post mortem examination. Even then it was not always simple, since the pathology of the disease varies from one host species to another, and many other infectious and non-infectious conditions exhibit signs which mimic heartwater (Prozesky, 1987b) . Ultimately reliance was often placed on the demonstration of E. ruminantium in the cytoplasm of endothelial cells of brain capillaries (Purchase, 1945) , where colonies of the organism are generally more numerous than in other tissues.
While the characteristic colonies of E. ruminantium are easy to detect, if present in sufficient numbers, it is not possible to distinguish them from other species of Ehrlichia, and they may also be confused with Chlamydia psittaci.
Serology
The first serological test developed for E. ruminantium was an indirect fluorescent antibody test (IFAT) which used peritoneal macrophages from mice infected with the Kümm stock as the target antigen (Du Plessis and Malan, 1987a) . We have described above how this stock was subsequently found to contain two different srRNA genotypes, designated Kümm 1 and Kümm 2, each having a distinct behaviour in culture (Table 3) .
It is perhaps not surprising, then, that this test suffered from cross-reactions with antibodies against related Ehrlichia spp., resulting in the common occurrence of false positive results (Du Plessis and Malan, 1987c; Holland et al., 1987) .
Several other serological tests were developed over a period of years, detecting antibodies to the immunodominant E. ruminantium outer membrane protein MAP1, but they all suffered from the detection of false positives and false negatives. We now know that the reason for these problems is the existence of homologous families of immunodominant outer membrane proteins in several Ehrlichia and Anaplasma spp. (Ohashi et al., 2001; Palmer et al., 1994; Van Heerden et al., 2004a; Yu et al., 2000) .
The best serological test for E. ruminantium uses a recombinant fragment of MAP1, designated MAP 1B, in an indirect ELISA format (van Vliet et al., 1995) , but even this test detects antibodies to E. canis, E. chaffeensis, and an unidentified Ehrlichia sp.
infecting white-tailed deer (Odocoileus virginianus) in the south eastern United States (Katz et al., 1996) . An additional problem affecting all serological tests for heartwater in cattle is that antibody levels against E. ruminantium are often too low to be detected, even in animals that have been vaccinated or are under continuous natural challenge by infected ticks (De Waal et al., 2000; Semu et al., 2001 ).
Molecular genetic methods
The PCR-based molecular genetic revolution in diagnostic techniques has provided the only reliable methods for E. ruminantium diagnosis. Three families of probes have been used, targeting the pCS20 genetic region, the srRNA gene, and the map1 gene.
The pCS20 genetic region was the first genetic target to be identified especially for E. ruminantium diagnosis (Waghela et al., 1991) and it has proved to be specific for E. ruminantium, giving no cross reactions with other Ehrlichia species (Allsopp et al., 1999) . It is the most sensitive of the probes available for E. ruminantium detection and has been extensively used to detect the organism in domestic animals, wild game, and ticks (Allsopp et al., 1999; Mahan et al., 1998; Mahan et al., 1992; Peter et al., 1999; Peter et al., 1995) (Mahan et al., 2004; Simbi et al., 2003) .
The original 1,306 bp pCS20 plasmid clone (Waghela et al., 1991) has been found to be chimaeric (Van Heerden et al., 2004b) and a redesign of primers and probes for the diagnostic test has resulted in improved sensitivity (Van Heerden et al., 2004b) . The test will detect down to a single copy of the target gene, and there is a minor cross reaction with E. chaffeensis DNA at a 10x greater concentration. The pCS20 test has recently been adapted to a quantitative real-time PCR format (Steyn et al., 2008) , and in this format it cross-reacts with both E. chaffeensis and E. canis. The pCS20 region has been shown by many workers over several years to provide a specific test for E. ruminantium. Even so there are sequence polymorphisms in the pCS20 region, although most of them are single nucleotide differences. The sequences of the pCS20 region of 14 different E. ruminantium isolates shows that West African isolates are more highly conserved than are southern African isolates (Van Heerden et al., 2004b) .
We have already mentioned the existence of eight different srRNA genotypes of E. ruminantium and srRNA probes have been used in field surveys (Allsopp et al., 1998) .
The srRNA probes are difficult to use, because the sequence variations are small, and they do not provide such sensitive detection as the pCS20 probe, so they are not used for routine diagnosis. They are particularly useful, however, when previously unknown Ehrlichia spp. are encountered, allowing them to be phylogenetically identified as E. ruminantium or else to be assigned to other groupings. These probes are also used, together with the pCS20 probe, on animals which are being examined to obtain permits for importation into non heartwater endemic areas. The map1 gene, which is extensively polymorphic, has also been used as a diagnostic target for E. ruminantium in order to characterise different antigenic variants of the parasite (Allsopp et al., 2001) .
Vaccine development
The only commercially available procedure for heartwater immunisation is a 50-year old infection and treatment technique which is described in more detail under "Control" below. The method has a number of serious drawbacks (Van der Merwe, 1987) and there has been a great deal of research over the last two decades aimed at producing a more effective vaccine. Three different types of vaccine have been investigated, inactivated, attenuated, and recombinant, and we will briefly consider the latest developments for each type.
Inactivated vaccines
Inactivated heartwater vaccines consist of organisms derived from tissue culture which have been rendered non-viable by chemical treatment. The first successful application of such material was in goats using the Gardel isolate, and 50-80% of the animals were protected against a homologous needle challenge which killed 100% of the negative controls (Martinez et al., 1994) . The next report used the Crystal Springs isolate in sheep, and in this case 50-100% of the animals were protected against a homologous needle challenge which killed 60% of the negative controls . These early successes were unfortunately not repeated when trials were conducted in a field situation, where natural tick challenge with genotypes having differing immunogenicities would have occurred. Several reports indicate that under these circumstances the vaccine reduces mortality levels, but protection levels have been disappointing (Faburay et al., 2007; Mahan et al., 2001) . A summary of all the field trials conducted by one research group over a period of years shows that overall mortality levels of 71% in naive animals can be reduced to 36% by vaccination .
The high cost of batch culture systems for E. ruminantium is a factor which has long been an obstacle to its development for large scale use in the field (Esteves et al., 2004) . Recently, however, there have been notable improvements in mass production of the organism which could make commercial scale preparation feasible (Marcelino et al., 2006) . There still remains the problem of limited protection against tick challenge in the field, and it is likely that considerable improvements in this regard will be required before inactivated heartwater vaccines could become a commercially viable proposition.
Attenuated vaccines
The Senegal isolate of E. ruminantium was the first isolate to be attenuated in culture, and it conferred 100% protection on animals subjected to a homologous needle challenge (Jongejan, 1991) . As with the inactivated vaccine, however, the results were far less satisfactory when field trials were conducted, with 70% mortality in the negative controls being reduced to 43% in the vaccinated animals (Gueye et al., 1994) . The Welgevonden isolate has been shown, as discussed above, to provide cross-protection against a needle challenge with a range of other isolates (Collins et al., 2003) . This could make the Welgevonden isolate a good candidate to use as an attenuated vaccine, but unfortunately it did not attenuate while being grown in culture through hundreds of passages over several years (Gueye et al., 1994; Zweygarth et al., 1997) . Recently, however, the Welgevonden isolate was attenuated by being cultured in a canine macrophage-monocyte cell line, after which it was by re-adapted to grow in bovine endothelial cells (Zweygarth et al., 2005) . When the attenuated organisms were used to infect sheep or goats there were no adverse symptoms, except for a brief rise in body temperature, and the animals were subsequently found to be fully protected against a lethal needle challenge with the homologous isolate or any one of four other heterologous isolates (Zweygarth et al., 2005) . This attenuated vaccine has not yet been tested in the field against natural tick challenge, but if it were to be successful in such trials it could provide a cheap and effective vaccine for use in endemic heartwater areas.
Recombinant vaccines
The fact that immunization with killed organisms can be successful indicates that the development of a subunit vaccine for E. ruminantium is possible. Such a vaccine could in principle be cheap and effective, and unlike the attenuated vaccine it could be used to stop an outbreak in a non-endemic area. The first attempts to develop a recombinant vaccine involved immunisation with a plasmid clone expressing the map1 gene of E. ruminantium, and this protected mice against a lethal homologous challenge at levels ranging from 23% to 88% (Nyika et al., 1998) . In further experiments the naked DNA-induced immunity was boosted with MAP1 protein and as a result protection levels were increased from a range of 13-27% without boosting to a range of 53-67% (Nyika et al., 2002) .
Denatured MAP1 protein appears to confer no protection in ruminants (Van Kleef et al., 1993) , so the map1 gene might not be the best choice for recombinant vaccine experiments. The recent completion of the genome sequence of E. ruminantium shows that there are 888 genes from which to chose vaccine candidates (Collins et al., 2005) but the problem is that there are no reliable strategies for identifying the genes which code for antigens which stimulate the protective T-cell response (Esteves et al., 2004) .
One attempt to overcome this difficulty involved selecting clones from E. ruminantium expression libraries on the basis that their expression products were firstly recognized by anti-E. ruminantium antibodies, and secondly that they stimulated proliferation of PBMC from cattle immunised against E. ruminantium by infection and treatment . Lysates of recombinant bacterial cultures expressing the selected genes were then used to immunize mice, and 58% -89% survival was observed with some pools of recombinants. The levels of protection were therefore similar to those obtained with the map1 gene.
E. ruminantium immunization trials performed in mice have given unpredictably variable results, and genes which have conferred immunity in such trials have often not been protective in ruminants (Collins et al., 2003; Louw et al., 2002) . Vaccination trials conducted in sheep, however, have been shown to be reproducible. A cocktail of four E. ruminantium genes cloned in a DNA vaccine vector consistently stimulated 100% protection in sheep against a virulent needle challenge with both homologous and heterologous E. ruminantium-infected blood (Collins et al., 2003; Pretorius et al., 2007) .
In trials against a natural tick challenge in the field this vaccine was poorly protective, even when used in a prime-boost format with recombinant E. ruminantium proteins , and several possible reasons for this have been discussed in the Tick-Host-Pathogen Interface section above.
Future Research
There is no doubt that heartwater is of major economic importance in domestic ruminants throughout sub-Saharan Africa, and an efficient vaccine is the only costeffective method by which control may be achieved. While an attenuated vaccine may become useful in the endemic area in Africa it is likely that a recombinant vaccine will be the best long-term solution, especially in the event that the disease spreads to the The recent publication of the genome sequences of several important rickettsial pathogens, including E. ruminantium, could provide the starting point for the development of functional genomic studies to enlighten some of the murky areas of E. ruminantium biology. A rapidly growing range of mostly high throughput screening methods is beginning to be able to determine the functions of individual genes and proteins in a global context, rather than one gene product at a time. In the case of E. ruminantium the global context includes the tick and the ruminant, which indicates that comprehensive answers to some of the questions above will not become available until genome sequences are available for these other two essential players in the parasitic cycle. The current frontier of E. ruminantium research is to look for vaccine candidate genes, but the algorithms used to predict these candidates are all narrowly focussed on single genes of the rickettsia itself. We are unlikely to be able to make good predictions until we know how all the genes and their products interact within the tick-host-pathogen triad.
Answering these complex questions will require the application of the resources of functional genomics, proteomics, transcriptome characterization, and genetic manipulation. 
